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ABSTRACT 
THE EFFECT OF CAD/CAM PROCESSING ON ESTHETIC CHARACTERISTICS 
OF PORCELAIN VENEERS 
DEGREE DATE: June 25, 2014 
 
EDUARDO CORTES-CONTRERAS, D.D.S. 
COLLEGE OF DENTAL MEDICINE, NOVA SOUTHEASTERN UNIVERSITY 
 
Thesis 
   Directed By:  Jeffrey Y. Thompson, B.S., Ph.D., Committee Chair 
Cristina Garcia-Godoy, D.D.S., M.P.H., C.C.R.P., Committee Member  
Marvin Golberg, D.D.S., Committee Member 
Mario Ramos, D.D.S., M.S., Committee Member  
 
Introduction: Dentistry has changed significantly during the last two decades. Patients 
are more aware and demanding of the latest technologies available in restorative 
dentistry. The purpose of this study was to determine any possible changes on the surface 
roughness, gloss and color change of CAD-CAM milled porcelain veneers following 
repeated milling times, before and after a glazing process. Methods: A Teflon disk-
shaped mold was used as a cast to take a digital impression (BlueCam) in order to 
fabricate cylindrical-shaped specimens. A total of one hundred (N=100) specimens 
porcelain veneers using Empress CAD (I10) block, were milled using the CAD/CAM 
CEREC-SIRONA system. The specimens representing the 1st, 5th, 10th, 15th, 18th and 20th 
 viii 
milling times were evaluated to determine any statistical differences regards surface 
roughness, gloss and color-change. Subsequently, all milled specimens representing the 
1st, 5th, 10th, 15th, 18th and 20th received a standard surface glaze and surface properties 
(roughness, gloss and color) were re-measured. Results: There was a statistically 
significant difference in roughness (Pre-glazing) between test groups at different milling 
times with a determined p value of 0.027. Regard roughness (Pre and Post-glazing) a 
statistically significant difference was found between test groups on different milling 
times, which present a p value of 0.18. A statistically significant difference was found in 
gloss (Pre and Post glazing) between test groups on different milling times. A 
significantly higher score after glossing, which present a p = 0.791.There was a 
significant difference found between samples with the same milling time, (Pre and Post 
the glazing process). The ∆E range between (2.5021 to 3.0418), which is considered to be 
detectable only by a skilled person and is clinically acceptable. Also, after perform the 
SEM evaluation of the burs used after 20 milling times, it showed some lost particles 
leaving some void on the bur surface. Conclusions: There was a statistically significant 
change in the surface roughness on porcelain veneers processed by CAD/CAM using the 
same set of burs prior to the glazing process. There was no statistical difference in 
porcelain surface roughness between samples of the groups Pre-Glazing. Porcelain gloss 
was altered significantly between groups Pre and Post-Glazing at all milling times. 
Porcelain Color-shade, value, and hue were significantly altered after the glazing process.  
There seem to be a considerable change in the physical and optical characteristics 
(surface roughness, gloss and color-change) after the glazing process, and this likely has 
a meaningful impact on the clinical aesthetic qualities of the final restoration. 
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        Chapter 1: INTRODUCTION_________________________________________ 
1.1 CAD/CAM in Dentistry 
1.1.1 Overview 
 
 Dentistry has changed significantly during the last two decades. Patients are 
more aware and demanding of the latest technologies available in restorative dentistry. 
Dental restorations that provide adequate esthetics and function are in high demand.1 
Manufacturers have developed numerous alternatives to amalgam restorations or gold 
alloys for posterior teeth, such as composite resins and all-ceramic restorations; the latter 
of which has become increasingly popular in the last two decades.2  
 According to Jarvis and collaborators,3 surface roughness, gloss variants and 
color shade are some of the most common characteristics that affect porcelain 
restorations. Porcelain indirect restorations and CAD/CAM ceramic restorations 
frequently require adjustments to reduce surface roughness. The surface roughness of 
crown and bridge materials should be minimized to obtain optimal biocompatibility.4 
 
1.1.2 Nomenclature 
 Various terminologies have been used to describe “CAD/CAM” in the literature 
and as there is consensus as to an ideal name.  The following terms have been 
introduced by a variety authors and lecturers: 
 
1.1.2.1 Computer Aided Design (CAD) 
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 This is the use of a computer software system defined by geometric parameters 
to assist in the scanning/ optical impression, which analyze the data recorded and design 
the final virtual restoration. 
 
1.1.2.2 Computer Aided Machining (CAM) 
 
 The geometrical design data is transmitted to a controlled mechanism system to 
fabricate the final restorative prosthesis. 
 The primary purpose is to design and create a faster reproduction of the missing 
tooth structure with precise dimensions. 
 
1.1.3  CAD/CAM Evolution 
 
 In addition to the available proven methods to produce dental ceramic 
restorations (such as sintering, pressing or casting);5, 6new methods based on computer 
technology have evolved. Their aim is to improve the practitioner’s ability to 
independently design, machine and place a ceramic restoration chair-side in one 
appointment in an efficient and easy manner, so digital dentistry is now synonymous 
with everyday dentistry.7 Of these systems, the CAD/CAM (Computer Aided 
Design/Computer-Aided Manufacturing) based CEREC unit (Sirona Dental Systems, 
Bensheim, Germany) was the first introduced, in 1985 by Drs Mörmann and Brandestini 
at the University of Zürich (Switzerland), with the purpose to design only intracoronal 
restorations such as Inlays, Onlays and/or veneers.7-9   
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1.1.4 CAD/CAM Concerns  
 Since the introduction of CAD/CAM technology, the dental community has 
expressed several obvious concerns.10, 11 Some are related to the adaptation and the 
marginal fit of the restoration, color match, postoperative sensitivity, fracture resistance, 
durability and longevity.12, 13 Otto and Schneider7 examined the performance of 187 
CEREC Inlays and Onlays prepared and delivered during 22 months by the same 
clinician on 89 patients. These restorations were closely monitored over a period of 15 
years using a modified version of the United States Public Health Service (USPHS) 
criteria utilized to evaluate posterior restorations. The authors found a projected survival 
rate of 88.7% after 17 years. Most of the clinical evidence available on the use of 
CAD/CAM to produce all-ceramic restorations is focused on inlay and onlay 
restorations over a short period of time. Moreover, a well-designed long-term 
randomized clinical trial should be further developed. 
 Even though dental ceramics are chemically stable, they are susceptible to 
subcritical crack growth, and stress corrosion caused by water.12, 14, 15 In the presence of 
a constant tension at the crack tip, the oxygen atoms are debonded when the inter-atomic 
distant increases; lastly the oxygen atoms are unable to re-establish its initial bond 
state.15 Sherrill and O’Brien16 reported a 27% decrease in fracture strength when 
comparing aluminous and feldspatic porcelain specimens tested in distilled water. 
According to Della Bona and Kelly,17 porcelain chipping can be explained by: (1) 
residual stresses arising from thermo-mechanical parameters, (2) auto-catalytic 
transformation during porcelain firing, and (3) enhanced auto-catalytic transformation of 
green-machined structures at mouth temperature. Decreasing the firing temperature of 
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low fusing porcelains, increases the ability to achieve a high degree of polishing without 
glazing.3 
 Tomita et al. in 2005 found that after SEM observation of the diamond bur and 
obvious loss of abrasive particles generally increase from 11 to 21 machining time. 
Moreover, particles were mostly loss from the rounded tip of the diamond bur. However, 
this surface deterioration of the bur did not affect the machining accuracy.18  
 
1.1.5 Milling Process 
1.1.5.1 Bur Life Average 
 
 
The 12 S Step Bur (Sirona Dental Systems, Bensheim, Germany) and the 12 S 
Cylinder Pointed Bur (Sirona Dental Systems, Bensheim, Germany) (Figure 4), were 
developed to offer the greatest equilibrium of precision and bur life with the CEREC® 
MC XL Milling Unit (Sirona Dental Systems, Bensheim, Germany) (Individual bur 
lifetime on the MC XL can vary based on the size and type of CAD/CAM block used, 
difficulty of the milled restoration, quantity of Dentatec Cleaner and Lubricant for 
CEREC® and inLab® (Sirona Dental Systems, Bensheim, Germany) used and water 
situation (cleanliness) and also the milling method (fast or normal). Because of these 
variables, we can expect to get an average of 10 millings per each Step or Pointed burs, 
according to the manufactures indications. 
The maximum number of repeated milling times utilizing the same milling bur is 
not well defined in the literature. According to the manufacturers of two dental 
CAD/CAM systems in Japan, the diamond burs may be used to fabricate more than 10 
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all-ceramic crowns. Tomita and colleges18 conducted a study to investigate the effect of 
the repeated machining up to 51 times using the same diamond burs. They found that the 
same diamond burs could be used repeatedly until 51 times without affecting the 
accuracy of the machined crowns. In another study, Yara and researches,19 studied the 
durability of diamond burs used for the fabrication of ceramic CAD/CAM crowns and 
also the correlation of the surface integrity of diamond burs and the surface roughness of 
the restorations. This study reported in one of the studied groups (GN) that the average 
surface roughness significantly increased with an increase in the number of machining 
times. They also concluded that there was a significant positive correlation between the 
average surface roughness and the number of diamond particles. Diamond burs used in 
dentistry lost their active particles after repetitive cavity preparation or grinding.19-22 
According to SIRONA Dental Systems, there are no recommendations as to how 
frequently the milling burs should be replaced. The provided software prompts the user 
for bur replacement.  To date there is no published research addressing this issue.  
 
1.1.5.2 Burs Degradation 
 
A recent study conducted at the College of Dental Medicine-Nova Southeastern 
University23 evaluated the bur degradation impact on different characteristics of milled 
ceramic prosthetics. Even though differences were found in the actual strength and fit of 
milled crowns as a function of bur usage, these differences were minimal. Since veneers 
function primarily as an esthetic restoration, their interaction with light will greatly 
affect their appearance. If the milling burs yield rougher surfaces as a function of their 
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level of usage, then the interaction of light with the surface of the veneer and therefore 
the esthetics (optical properties) could be potentially compromised.  
The maximum number of milling times using the same diamond bur is not well 
defined in the literature. 
However, Tomita and colleges in 2005 conducted a study investigating the effect 
of the repeated machining up to 51 times using the same diamond CADCAM bur. And 
they found that the same diamond bur could be use repeatedly until 51 times without 
affecting the accuracy of the milled restoration. In Another study, conducted by Yara 
and colleges also in 2005, they studied the durability of diamond burs used for the 
fabrication of ceramic CAD/CAM crowns and also the correlation of the surface 
integrity of diamond burs and the surface roughness of the restorations. They concluded 
that there was a significant positive correlation between the average surface roughness 
and the number of diamond particles. 
 
1.1.6 Dental CAD/CAM Restorative Materials  
 
With the introduction of improved materials, the applications for dental 
CAD/CAM have progressed into anterior indications and almost any type of restoration. 
The materials available for dental CAD/CAM now offer such aids as greater quality, 
easy to manipulate, and improved esthetics. The progress in the dental field with new 
materials, Computer-Assisted Design and Computer-Aid-Manufacturing technology has 
modernized dentistry. Ceramic have rapidly been expended in dental restorations for 
implants, fixed partial dentures, inlays/onlays, veneers and all ceramic crowns.24, 25, 26 
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Prefabricated blocks for milling are composed of different materials.  Currently a 
wide variety of options of ceramic material have become available from each 
manufacturer CAD/CAM system. (Table 1)  
 
1.2 Surface Roughness 
1.2.1    Overview: 
 The surface roughness is a measurement of the texture of a surface.27  It can 
include the quantity of vertical deviations of a real surface from its ideal form. The most 
well known parameter is Ra (µm). Every part surface is made up of texture and 
roughness which varies due to the manufacturing techniques and the part structure itself. 
A profilometer is an instrument used to precisely measure a surface profile, in order to 
measure the surface texture. A diamond stylus tip is moved vertically in contact with a 
sample and then moved laterally across the sample for a indicated distance and with 
contact force. The height position of the diamond stylus generates a signal that is 
translated into a digital signal stored, evaluated and exposed. The radius of diamond 
stylus ranges from 20 nanometers to 50 microns (µm).  
Achieving a smooth surface on a direct or indirect restoration provides 
satisfactory esthetics and reduces plaque gathering, thus preventing recurrent caries and 
periodontal disease.28-30 
To identify an element of the surface and to prevent possible mistakes during the 
manufacturing process, in today’s contemporary world, it is necessary to enumerate the 
surface in both 2D and 3D.  
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Some processes that commonly create roughness on the surface are the turning 
and the milling process. Sarac and colleagues, in 2006 concluded that, using adjustment 
kits alone or polishing paste created surfaces as smooth as glazed specimens.31   
 A rough, defective, and irregular texture on the porcelain surface will affect 
reflecting an irregular and diffuse pattern of light, which could affect directly the 
perceived color of the final ceramic restoration.32 
   
1.3 Color-Change 
1.3.1 Overview 
 According to The Commission Internationale de l’Eclairage (CIE), color is 
defined as an attribute of visual perception consisting of any combination of chromatic 
and achromatic components.33	   In dentistry color is defined, as the total color effect of 
natural teeth is a result of the combination of light reflected from the enamel surface and 
the light scattered and reflected by the enamel and dentin.34  
According to Seghi and researches, the total color effect of natural teeth is a 
result of the combination of light reflected from the enamel surface and the light 
scattered and reflected by the enamel and dentin.34 
Achieving a clinically acceptable shade match between natural teeth and indirect 
dental restorations is a difficult exercise; mostly due to the inherent optical 
characteristics of the natural dentition. Several critical factors are involved in order to 
achieve successful esthetic dental restorations: an individual’s perception of color, the 
light source used for color evaluation, the surface and structural characteristics of both 
the tooth and the restorative materials, and a knowledge of some basic principles of 
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color perception between others.35 The determination of tooth shade may be enhanced 
by the use of particular devices for example colorimeters or spectrophotometers. 
Nevertheless, the repeatability and the inter-device arrangement of these devices have 
not been exhaustively studied. The optical determination of tooth color with usual shade 
guides is a subjective technique of color communication, conditional on variables such 
as the light source, the operator, and the tooth.36 
 
1.3.2 Human Perception of Color 
Textures offer visible patterns of positions on surfaces and clearly transmit 
information about the four-dimensional structure of surfaces. Surface dispersion 
increases with the microscopic roughness of a surface.37 Shiny Surfaces such as metal, 
glass and also water, reflect light similar to a mirror in a tight package of rays. Such 
smooth surfaces are called specular. The dispersion on the shiny surface is commonly 
oriented in the specular direction, with superior dispersal for rougher surfaces.37 
The specular or shiny surfaces produce highlights -images of incident light from 
an angle of incidence equal to the angle of reflection. Thus, highlights transmit 
information about surface angle. Highlights aid perception of surface texture.38, 39  
  The perception of shade variation is essential for a successful indirect restoration 
and it is considered to be one of the primary factors in cosmetic dentistry in conjunction 
with color shade guide, color recorded –time. Authors refer the type of light source ideal 
to select the tooth color, and more of that the specific time during the day to record it.40-
47 The light-sensitive mechanism is linked to the existence of light-receptors cells in the 
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retina, rods and cones, which absorb the light by means of photosensitive pigments and 
convert it into a stimulus in which the brain recognizes the color.41 
There are some biological factors such as chromatic anomalies that could affect 
the color selection. Some studies shows that those defects are more frequently found in 
men than women.48, 49 However, other studies have shown non significant evidence of 
differences in color matching quality between gender.42-44, 50, 51 
There is an important connection of human perception of the shade variation 
with the evaluation of the polished porcelain, color analysis, surface texture and also the 
effect of glaze on porcelain. 
 
1.3.3 Esthetic Outcomes  
In this new era of cosmetic dentistry; esthetic is one of the critical aspects 
contributing to increase the patient’s happiness.52  
The combination of wear resistance, strength, and excellent esthetic properties 
makes dental porcelain a proper material for prosthetic restorations. In order to achieve 
an acceptable esthetic outcome with dental restorations two different objectives need to 
be achieved: first, an appropriate selection of the best possible shade, using a shade 
guide and/or an electronic shade determination instrument, and second, an accurate 
reproduction of the shade with the elected dental material. 
 
1.3.4 Color Evolution  
The concept of color in dentistry has been a topic of discussion for decades; 
often related more to an artistic procedure rather than a scientific criterion.  Circa 1950 
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the first shade tabs were introduced to the dental field. Sproull in the early 1970s53 
published a series of classic articles aiming to explain the complex relationship between 
the three dimensional nature of the color and shade matching; as a result, a series of 
theoretical and practical indications were proposed in order to improve color matching 
in dentistry.53  
 
1.3.5 Color Scale System  
Change in color can be noticed visually and can be measured using modern 
technological tools such as the spectrophotometer.54-57 The spectrophotometer is a 
sophisticated device, designed to measure a detected object by reflection or 
transmission, giving the whole spectral curve as result, limiting color measurement to 
visible frequencies range (generally 350- 800nm). The optical color is independent and 
varies on multiple elements that involve: the human perception, the material properties, 
the translucency of the material, the illumination conditions, and also the texture of the 
surface to be evaluated.58 Using ideal devices and techniques based on optical sensors 
permits the impartial evaluation of color and decreases the personal interpretation 
inherent in visual color judgment.58  
The CIE L*a*b* color scale system was developed in 1976 aiming to provide a 
reliable standard uniform color scale.33, 59  
The CIE L*a*b* scale allowed the quantification of color and comparison of its 
numerical values. Color in this system is expressed by three coordinates: L* is the 
degree of lightness of an object, a* is the degree of redness / greenness, and b* is the 
degree of yellowness / blueness.60, 61 
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For color communication, the HSB/HSV (Hue; Saturation or Chroma; Brightness or 
Lightness or Value) system is most commonly used in dentistry. Colorimeters and 
spectrophotometers were quickly developed to measure color and color differences.60 
Unfortunately, the benefit in color matching in the dental practice was not obvious from 
these developments; visual assessment was still considered to be the gold standard. This 
was mainly due to the fact that the appearance of an object is not only related to the 
color attributes of the CIE L*a*b* system but is also heavily influenced by the effect of 
other properties such as gloss, opacity, transparency, translucency, and optical 
phenomena such as metamerism, opalescence and fluorescence. Dental color matching 
was further developed so that errors in visual color selection were minimized.  
The spectrophotometer measures the color based on the CIE L*a*b* color space 
system which allows measurement of color in three-dimensional space.62 Clarke and 
colleagues, in 1983 proposed the total color change, it is represented as (∆E),61 and this 
average is calculated by applying the formula: 
∆E*= [(∆L*)2 + (∆a*)2 + (∆b*)2]1/2   
 
The spectrophotometer has the ability to detect small differences in color (ΔE) at 
a level that is not perceived to the human eye. Sim and colleagues,63 concluded that 
color perception varies between different groups of dental personnel and thereby 
established the individuality of color perception. Seghi and researchers64 in a laboratory 
study using porcelain disks with translucent colors, determined that dental professionals 
were able to report a color difference of ΔE=2. In a similar study, Ragain and 
collaborators65 in 2001 evaluated color difference acceptability in translucent porcelain 
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disks and concluded that the average threshold for acceptability was ΔE=2.72. Another 
study published by Erdemir in 2012 showed that a value of ΔE >1 is visible and 
detectable, and a value over 3.3 or higher is a critical value that represents a clinically 
significant visual color change.54, 66, 67 
Admittedly, it was clear that one single value was not adequate for color 
matching, a differentiation between perceptibility (the difference that can be identified 
by the human eye) and acceptability (the difference that is considered tolerable) was 
proposed.58 Douglas and Brewer, in 1998 found that the thresholds for perceptibility 
(mean 0.4 ΔE units) were statistically significantly lower than thresholds for 
acceptability (1.7 ΔE units) for metal ceramic crowns.68 
 
1.4 Gloss 
1.4.1 Overview 
Gloss variation is one of the most importantly affected characteristic on a 
defective porcelain restoration.3 Gloss is well known as an optical property of a surface, 
which reflect light in a specular (mirror-like) direction.  
Gloss is important parameters that are used to describe the visual appearance of 
an object. The factors that affect gloss are the refractive index of the material, the angle 
of incident light and the surface topography.  
Gloss is a quality of the human perception of objects. Also, gloss is a visual 
impression that is caused when a surface is tested. The gloss’ effects consist on the 
interrelation of light with the physical properties of the surface to be tested. 
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Ceramic restorations permit abundant light transmission and can imitate natural 
tooth appearance in terms of color, surface smoothness and translucency.69 Gloss is 
measured by brilliant amount of light at a surface and measuring the reflectance. The 
angle of the light and the technique by which the reflectance is measured are determined 
by the surface. Gloss is measured using a glossmeter, which directs a light at a precise 
angle to the surface and instantaneously measures the amount of light-reflection.  
 
1.5 Glaze 
1.5.1 Overview 
There are two styles of glazes, which are common to dental porcelain; one 
natural or self-glaze, and the other, applied or overglaze. A natural glaze is self-formed 
as the result of correct firing of dental porcelain. An applied (overglaze) is a thin, 
transparent continuous coating consisting of a very fine powder mixed with a liquid 
vehicle (alcohol and water). It is applied with a brush and fired onto the surface of the 
dental porcelain.  
Glazing consists of a firing cycle that heats porcelain close to sintering 
temperatures.70 The literature shows that glazing is very important from the biological 
standpoint, as it reduces plaque accumulation and formation of bacteria aggregate on the 
porcelain surface.71 Moreover, smoothness and wetting of the dental material surfaces is 
the key to minimizing bacterial plaque retention.72  
Surface modifications are essential for correcting occlusal interferences and 
adequate contours, finishing margins of ceramic restorations, and improving the 
esthetics appearance and surface smoothness of porcelain restorations.70 The exposed 
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surfaces are usually glazed to improve the strength and smoothness.72 Oven glazing of 
the ceramic surfaces is one of the common methods used to diminish the roughness of 
the restorations. The glazing material will fill the micro-cracks and forms a hard and 
smooth surface. This process will lead to a stronger dental restoration, and enhance the 
smoothness of the restoration.73-76 
When the overglaze technique is implemented, a thin layer of low-fusing glass 
overcoat is applied over the ceramic surface to be treated and fired at a low temperature  
(around 650 to 700°C) to obtain the glaze layer. Alternatively, the autoglazing process 
does not necessitate the application of any overcoat layer before firing the restoration at 
low temperature.72 
The purpose of glazing is to seal the open pores in the surface of porcelain 
restoration. Dental glazes are composed of colorless glass powder, applied to the fired 
crown surface, so as to produce a glossy surface. Ceramic glaze generally include silica, 
various metal oxides, such as sodium, potassium, calcium and alumina. Also present 
some colorants, for example, copper carbonate or carbonate or cobalt carbonate and iron 
oxide. 
1.6 Purpose 
The purpose of this study was to determine any possible changes on the surface 
roughness, gloss and color change of CAD-CAM milled porcelain veneers following 
repeated milling times, before and after a glazing process. 
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1.7  Specific Aims and Hypothesis 
1.7.1 Specific Aims 
   
1.7.1.1   To measure the surface roughness of porcelain veneers processed by 
CAD/CAM following repeated milling times (bur usage: 1, 5, 10, 15, 18 and 20 times). 
1.7.1.2      To measure the gloss of porcelain veneers processed by CAD/CAM following 
repeated milling times (bur usage: 1, 5, 10, 15, 18 and 20 times). 
1.7.1.3     To measure the color-change of porcelain veneers processed by CAD/CAM 
following repeated milling times (bur usage: 1, 5, 10, 15, 18 and 20 times). 
1.7.1.4     To evaluate the difference between the optical properties (roughness, gloss 
and color) of porcelain veneers processed by CAD-CAM before and after the glazing 
process.  	  	  	  	  	  	  	  	  
1.7.2 Null Hypothesis 
 
1.7.2.1   There is no statistically significant difference of the surface roughness of 
porcelain veneers processed by CAD-CAM following repeated milling times (bur usage: 
1, 5, 10, 15, 18 and 20 times). 
1.7.2.2   There is no statistically significant difference of the gloss of porcelain veneers 
processed by CAD-CAM following repeated milling times (bur usage: 1, 5, 10, 15, 18 
and 20 times). 
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1.7.2.3   There is no statistically significant difference in color change of porcelain 
veneers processed by CAD-CAM following repeated milling times (bur usage: 1, 5, 10, 
15, 18 and 20 times). 
1.7.2.4   There is no statistically significant difference in the optical properties of 
porcelain veneers processed by CAD-CAM before and after the glazing process.  
 
 
1.8 Location of Study 
 
The design, preparation, data collection and data analysis of the study took place 
at: 
 Bioscience Research Center, Room 7356  
Nova Southeastern University, College of Dental Medicine 
3200 South University Drive 
 Fort Lauderdale, Florida 33328 
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2         Chapter 2: MATERIALS AND METHODS_____________________________ 
2.1 Sample Size Calculation 
This is an in vitro study to determine the difference between the optical 
properties (roughness, gloss and color) of porcelain veneers after repeated milling times. 
The samples were measured before and after the glazing process. After exhaustive 
literature search, we were unable to find any relative articles (data) for sample size 
calculation. Therefore, the budget dictated the number of sample that we used. 
Considering the limited budget of HPD-CDM (US$5,000.00). The sample size for this 
study was 30 specimens (n=30). 
 
2.2 Calibration Study 
All procedures were reviewed and evaluated during the sub-pilot study stage. All 
equipment and techniques were reviewed and the principal investigator was standardized 
to become familiar with all steps involved in the process of fabricating a porcelain 
veneer using the CEREC CAD/CAM system. 
 
2.3 Materials 
 One hundred (100) CAD/CAM restorative material (Bioceramics, IPS 
Empress® CAD, Ivoclar Vivadent, Schaan, Liechtenstein, Germany). (Figure 1) The IPS 
Empress CAD system consists of 60-65-wt% SiO2 , 10-20 wt% Al2O3, 10-14 wt% 
K2O, 3.5-6.5 wt% Na2O, other oxides 0.5-7.0 wt%, and 0.2-1.0 wt% pigments shows in 
table 1. In terms of physical properties in accordance with: ISO 6872 Dental ceramic, 
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 ISO 9693 Metal-ceramic dental restorative systems are: Flexural strength (biaxial): 160 
MPa, chemical solubility: <100 µg/cm2, coefficient of thermal expansion (100-500°C): 
17.5±0.5 µm/(m-K) and transformation temperature: 625±20 °C. (Table 2) 
Five diamond 12 S Step Bur (Figure 2) and five diamond 12 S Cylinder Pointed 
Bur (Figure 3) were used for this test. 
2.4 Methods 
 To evaluate the outer surfaces of CAD/CAM machined ceramic veneers 
fabricated with repeated machining. Thirty (30) CAD/CAM ceramic veneers were 
fabricated using the same diamond bur set (one small step bur and one small cylindrical 
bur).  
This working process was repeated five times, where a total of 100 CAD/CAM 
ceramic veneers were fabricated. 
 
2.5 CAD/CAM System 
The CAD/CAM system (CEREC® AC with Bluecam, Sirona Dental Systems 
GmbH Bensheim, Germany) with a software version 4.0 was used to scan the cylindrical 
Teflon disk-mold of 9.2mm diameter x 0.8mm (Figure 4), and to design the virtual final 
restoration. (Figure 5)  For the milling process, a CEREC® MC XL Milling Unit with 
4.0 software (Figure 6) was used. The workflow of the CEREC AC CAD system is 
illustrated in the software in four phases. 
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1. Administration: In this phase, the restoration was created, determining the 
type, defining the tooth numbers and the restorative materials that should be 
used. (Figure 7)  
2. Acquisition: acquisitions were created with the CEREC camera and the 
model “The Patient”. And also, the correlation was performed using a 
biogeneric copy. (Figure 8) 
3. Model: In this phase, preparing margins were drawn and edited, and the 
insertion axis of the virtual restoration was defined. (Figure 9) 
4. Connect: In this phase, a connection was created between the CAD system 
and the CAM system. (Figure 10) 
2.6 Scanning Process 
A cylindrical Teflon disk-mold was used as a cast to make a digital impression. 
The surface to be scanned was covered with a thin layer of Optispray (Sirona Dental 
Systems GmbH Bensheim, Germany). (Figure 11) The CEREC Bluecam (Sirona Dental 
Systems GmbH Bensheim, Germany) with a software version 4.0, was then placed in 
90° of the surface. (Figure 12) All 3D scanners measured the distance from the 
Bluecam’s tip to the object to convert the optical data to a 3D prototypical. The CEREC 
AC (3D system by Sirona (Sirona Dental Systems GmbH Bensheim, Germany) had 
taken single 3D frames that were stitched with other frames to constitute a complete 3D 
prototype in a short recording cycle.  
The software automatically designed the porcelain veneer restoration. Alterations 
were made to this design as needed in order to accommodate the requirements of the 
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study. The sprue was placed at the lingual surface. (Figure 13) One evaluator performed 
the whole process. 
 
2.7 Design CAD Process 
The images were uploaded into a computer (Sirona Dental Systems GmbH 
Bensheim, Germany) to create a virtual model of the final restoration. On the model 
phase, cement spacer is found in the tools parameters (Figure 14) and was used to 
increase the cement space, in order to reduce the thickness allowed by the software of 
the final product. When the virtual design was completed, the milling process started 
adjusting the mill position. The MC XL Milling unit (Sirona Dental Systems GmbH 
Bensheim, Germany) was selected as the milling chamber to fabricate the specimens 
using the veneer mode (Figure 15), which improved the texture surface of the restoration 
and created a flat-shaped appearance of the veneers. The same operator performed the 
repeated processes. 
 
2.8 Specimens Fabrication/ Milling Process 
A total of 100 disc-shaped specimens consisting of A1 high translucency (HT), 
block size I12 with a standardized thickness of 0.8 ± 0.05mm, diameter of 9mm, were 
prepared from a leucite-reinforced glass-ceramic block (IPS EMPRESS CAD, Ivoclar 
Vivadent, Schaan, Liechtenstein, Germany). 
The machining of ceramic blocks were carried out using two (2) different 
diamond burs with different shapes (Step bur 12S and Cylindrical bur 12S) exclusively 
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fitted for the SIRONA CAD/CAM system, one for internal-surfaces machining and the 
other for external-surfaces machining. (Figure 16) 
The total milling process per each ceramic block was 7’8’’minutes. The cutting 
milling time was 6’ 45’’ minutes per each ceramic block.  
At the 1’20’’minute time point of the milling process of sample #19 from the 3rd 
group, the milling process stopped and the MC XL Milling Unit screen showed the 
following information: “ The instrument Step bur 12S is defective. Please replace it and 
press start to continue”. Due to the advanced stage of the milling process on this group 
(3rd group), and since the milling of the samples #19 and #20 were not performed. 
Milling #18 was used for evaluation following the manufacture’s recommendation 
(Sirona), both CAD/CAM diamond burs (Step bur 12S and Cylindrical bur 12S) were 
removed and a new set of burs were replaced for the start of the 4th group milling 
process. (Figure 17)   
 
2.8.1 Burs Replacement 
A set of two diamond CAD/CAM burs characterized by two different shapes 
(Cylindrical and Pointed) exclusively fitted for the SIRONA CAD/CAM system were 
used to fabricated twenty (20) CAD/CAM ceramic veneers per group. The two (2) 
diamond burs present the specific shape to mill the internal and the external-surfaces 
machining. (Figure 18)  
During the milling of sample #18 the 3rd group, the process was stopped and a 
encode note appeared in the milling machine screen informing that the Step bur of this 
set was defective and it should be replaced by a new one.   It was the only incident 
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regarding a defective or broken diamond bur in the study. The same operator performed 
the repeated processes. 
2.8.2 CAD/CAM Porcelain Block Replacements  
The porcelain CAD/CAM blocks were removed from the milling machine upon 
completion of the milling process. (Figure 19) 
 
2.8.3 Water Filter Replacement 
The filter of the SIRONA milling machine was changed each 10 cycles (10 
milling times) in order to improve the function of the milling machine. Additionally, 
Dentatec (Sirona Dental, Charlotte, NC) was incorporated in the filter tank as a 
manufactures recommendation. (Figure 20) Dentatec from Sirona® is used to clean and 
lubricate CEREC® and inLab® systems. This concentrated milling solution is diluted 
with a ratio of water that depends on the unit and desired effect. 
 
2.9 Groups Distribution  
The disk-shape 100 specimens were distributed among 5 groups: 
1. 1st group (20 specimens) 
2. 2nd group (20 specimens) 
3. 3rd group (20 specimens) 
4. 4th group (20 specimens) 
5. 5th group (20 specimens) 
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Each of the experimental designs was fabricated with all of the same parameters. 
This milling process was repeated five times, with 5 different pairs (5 sets) of diamond 
burs; and a total of 100 (specimens) porcelain veneers fabricated.  
 The surface evaluation of the porcelain veneers fabricated with the CAD 
/CAM porcelain blocks representing the 1st, 5th, 10th, 15th, 18th and 20th milling time was 
recorded on a excel sheet. This milling process was repeated five times to achieve a 
sample size of n=30. The measurements were recorded before and after the glazing 
process. The specimens were distributed into 5 groups. (Table 4) 
 
2.10 Average Surface Roughness (Ra) Reading (Pre-Glazing) 
After completion of the milling process, the samples were rinsed using distilled 
water for 10 seconds, cleaned in ultrasonic-water cleaner for 5 minutes and air-dried. 
Five measurements were made on the center of each specimen in different directions and 
the average was calculated. The average surface roughness values (Ra) were measured 
with a stylus surface profilometer (Veeco Dektak 150 profilometer, Plainview, NY). 
(Figure 21) 
 
2.10.1 Surface Roughness Analysis and Data Collection  
Each specimen was divided with one horizontal line, one vertical line and two 
transactional lines, to create six portions, in which, four tracings (by the active tip of the 
profilometer) (Figure 22) at four different locations of each sample were recorded and 
the average Ra was calculated. The same operator performed all measurements. 
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2.11 Average of Color Change Evaluation (Pre-Glazing) 
2.11.1 Spectrophotometric Analysis and Data Collection  
The color-change evaluation of all specimens was measured before the glazing 
Process using a color spectrophotometer (Color-Eye® 7000A, Gretag Macbeth LLC, 
New Windsor, NY, Figure 23) for impartial and reproducible results.77-79 In order to 
obtain consistent positioning; all samples were marked in position centering the 
spectrophotometer aperture hole. (Figure 24) The spectrophotometer was calibrated 
using a white calibration tile standard and a black light trap standard before initiating 
readings. (Figure 25) The same operator performed all measurements. 
 
2.11.2 CIELAB Value (L*a*b*) 
The difference in color perception (ΔE) based on CIE Lab coordinates values 
was calculated using the equation bellow.80 The CIE Lab system was used to measure 
mean L*, a*, b* values in Optiview Lite 1.9 software (Gretag Macbeth LLC, New 
Windsor) The tristimulus values (X, Y, and Z) of each specimen were transformed to 
CIE Lab values (L*a*b*) with a standard (X = 93.39, Y = 95.31, Z = 112.46)  
 
ΔE*  = ([L*1 – L*2 ]2 + [a*1 – a*2 ]2 +[b*1 – b*2 ]2 )1/2 
 
∆E*= [(∆L*)2 + (∆a*)2 + (∆b*)2]1/2   
 
For purposes of the present study, three different intervals were utilized to 
distinguish changes in color. ΔE<1 was considered undetectable by the human eye and 
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clinically acceptable. A range between 1<ΔE<3.3 was considered to be detected only by 
a skilled person and is also clinically acceptable. In addition, ΔE>3.3 was considered to 
be easily detectable as well as clinically unacceptable.81  
 
2.12 Average of Gloss (Pre-Glazing) 
2.12.1 Gloss-Meter Analysis and Data Collection  
The gloss of each specimen was measured using the Novo-Curve Gloss meter -
Rhopoint Instruments, East Sussex, UK. (Figure 26) 
Directing a light beam at an angle of 60o to the specimen external surface and 
measuring light reflected in Gloss Units (GU) measured the gloss. The NOVO-CURVE 
Gloss Meter system was used to measure the mean of the ceramic gloss in each 
specimen. The same operator performed all measurements. 
 
2.13 Glaze  
2.13.1 Glazing Process  
After roughness, gloss and color-change measurements, the samples were coated 
using a single layer of IPS Empress CAD Glazing Paste (Ivoclar-Vivadent, Amherst, 
NY) following manufacturer’s instructions. (Figure 27) The glazing material was 
applied uniformly on the entire outer surface of the CAD/CAM milled restoration 
(Figure 28) before being placed in a ceramic furnace Programat CS (Ivoclar-Vivadent, 
Amherst, NY) (Figure 29) on a pre-established program P4 Shade/Glaze process 
(exclusively programed to IPS Empress CAD) at 7920F for 14 minutes. The specimens 
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were removed from the ceramic furnace at 3500F (Figure 30), and relocated on an 
external resting wing of the oven for 5 minutes following manufacturer’ instructions. 
(Figure 31) 
2.14 Average Surface Roughness (Post-Glazing) 
After completion of the glazing process, the samples were placed at room 
temperature (37oC). The average surface roughness values (Ra) were then re-measured, 
following the same process described previously.  
2.15 Average of Color-Change (Post-Glazing) 
After completion of the glazing process, the samples were placed at room 
temperature (37oC). The color-change of all glazed specimens were re-measured, from 
the same test location of each sample and following the same process described 
previously. 
2.16 Average of Gloss (Post-Glazing) 
After completion of the glazing process, the samples were placed at room 
temperature (37oC). The gloss for all glazed specimens were re-measured, from the same 
test location of each sample and following the same process described previously.  
2.17 Scanning Electron Microscopy (SEM) Evaluation  
 
A SEM analysis was performed in order to evaluate qualitatively the effects of 
the burs on the surface morphology before and after the milling process. 
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3 Chapter 3: RESULTS ________________________________________________                     
 
3.1 Comparison Average Surface Roughness (Ra) (Pre-Glazing) 
 Descriptive statistical analysis and standard deviations for the surface roughness 
(Ra) are given in Table 5. An ANOVA test was conducted, and a p value for the F 
statistic was determined to be 0.027 (X2=12.56, df=5). We reject the null hypothesis, 
and conclude that there is a difference in roughness (Pre-glazing) between test groups at 
different milling times. Since the null hypothesis was rejected, a non-parametric 
Kruskal-Wallis test, and subsequently a Steel-Dwass post-hoc comparison were used to 
determine if there were significant differences between individual groups. Significant 
differences were found between the control group (M/t #1) and three test groups milling 
times (M/t #15 vs M/t #1, M/t # 18 vs M/t # 1, and M/t #20 vs M/t #1). (Table 6 and 
Figure 32) 
3.2 Comparison Average Gloss Measurement (Pre-Glazing) 
 Descriptive statistical analysis and standard deviations for Gloss are given in 
Table 7. An ANOVA test was conducted. We found a p value for the F statistic to be 
0.391 (Χ2  = 5.20, df = 5, p). In this case we do not reject the null hypothesis, and 
conclude that there is not a significant difference in Gloss (Pre-glazing) between test 
groups on different milling times.  
3.3 Comparison Average of Color change measurement (Pre-Glazing) 
 For this spectrophotometric study, three different intervals were utilized to 
distinguish changes in color. The difference in color perception (ΔE) based on CIE Lab 
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coordinates values was calculated using the equation:  
 
    ∆E*= [(∆L*)2 + (∆a*)2 + (∆b*)2]1/2   
 In this study, the groups showed no significant difference between samples. 
Table 8 shows the ∆E comparison between groups (Pre-Glazing) with an average range 
between (0.0533 to 0.7883) this is considered undetectable by the human eye and 
clinically acceptable.  
 
3.4 Comparison Average of Optical Properties (Ra, Gloss, and Color-change) 
measurements (Pre and Post-Glazing)  
• Surface Roughness (Pre and Post Glazing): 
 Descriptive statistical analysis and standard deviations for the surface roughness 
post-glazing are given in Table 9, which was used to compare (Ra) (Pre and Post-
glazing) are given in Table 10. We reject the null hypothesis, and conclude that there is a 
difference in roughness (Pre and Post-glazing) between test groups on different milling 
times. Since the null hypothesis was rejected, a mixed generalized linear model test and 
subsequently a Steel-Dwass post-hoc comparison were used to determine if there were 
significant differences between individual groups. Significant differences were found 
between the control groups M/t#10 (Pre-Glazing) vs M/t #1 (Pre-Glazing), which 
present a p value of 0.18.  (Table 10 and Figure 33) 
• Gloss (Pre and Post-Glazing): 
 Descriptive statistical analysis and standard deviations for the Gloss (Pre and 
Post-Glazing) are given in Table 11. An ANOVA test was conducted, showing a p value 
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for the F statistic of 0.791. We reject the null hypothesis, and conclude that there is a 
difference in gloss Post-glazing compared with Pre-glazing groups at different milling 
times. Since the null hypothesis was rejected, a non-parametric Kruskal-Wallis test and 
subsequently a Steel-Dwass post-hoc comparison were used to determine if there were 
significant differences between individual groups. Significant differences were found 
between the groups (Pre-Glazing) and the groups (Post-Glazing), which present a p 
value of 0.791. (Table 11 and Figure 34) 
• Color-Change (Pre and Post-Glazing): 
 After performing the test for the group (Post-Glazing), there was no significant 
difference between samples. Table 8 shows that the ∆E comparisons between samples of 
groups (Post-Glazing) produced an average range between (0.0788 to 0.7775) this was 
considered undetectable by the human eye and clinically acceptable just as with the 
group Pre-Glazing. (Table 12)  
 However, there was a significant difference found between samples with the 
same milling time, (Pre and Post the glazing process). Table 12 shows the ∆E range 
between (2.5021 to 3.0418), which is considered to be detectable only by a skilled 
person and is clinically acceptable.54 
3.5 Scanning Electron Microscopy (SEM) 
 Here are some SEM pictures showing the brand new bur and after 20 milling, 
and here in the closer view of the same bur after 20 milling it showed some lost particles 
leaving some voids. Step Bur (Figures 35, 36 and 37) and also, cylindrical bur (Figures 
38, 39 and 40). 
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4              Chapter 4: DISCUSSION_______________________________________________ 
4.1 Overview: 
The increasing patient demands for single appointment dental procedures 
demands careful selection of dental materials. The overuse of CAD/CAM diamond burs 
may directly or indirectly affect the optical properties and esthetic characteristics of 
porcelain veneers milled by the CAD/CAM system. 
In this study, we evaluated the effect of overused CAD/CAM diamond burs to 
fabricate porcelain veneers. The specimen surfaces were analyzed using profilometer, 
glossmeter and spectrophotometer, before and after the glazing techniques.  
The study was conducted as an in vitro study based on the standards of the 
International Organization for Standardization (ISO) 7491 for dental ceramics.82  Also, a 
standard quantifying devices i.e. a color spectrophotometer were selected instead of 
visual examination, the glossmeter was used to evaluate the gloss and a profilometer to 
evaluate the surface roughness, for precise, reproducible and statistically utilizable 
results.78, 79  
 Profilometers are commonly used to obtain surface roughness values for in vitro 
studies. Although this system gives two-dimensional information, an arithmetic average 
surface roughness is calculated and used to provide information to evaluator of different 
milling manufacturing process.83  
It has been suggested that the overglaze systems create an improvement on the 
esthetic appearance of porcelain veneers.70, 72 It is important to reduce the roughness of 
the restorations, as a roughened surface could affect the cosmetic appearance of the 
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prosthesis. Also, knowledge of the limitations of surface treatment techniques for 
prosthetic restorations is critical for the durability and esthetics of the restoration 
because irregular surfaces attract plaque, and may lead to discoloration or premature 
mechanical failure. As indicated in this study, a difference was observed between groups 
Pre-Glazing and Post-Glazing with respect to roughness. 
The mean (Pre-Glazing) surface roughness values suggest that there is a 
difference between samples of different milling times used in this study. The 
profilometric values in Table 5 indicate that there is a considerable difference in the 
sample M/t #1, which has a SD of 0.90 compared with lower values for other groups. 
This group showed a significantly different roughness value, which was the highest 
surface roughness of the difference groups. It can be conclude that the first used 
diamond CAD/CAM burs (new from the box) create more roughness on the porcelain 
surface in an irreversible manner, regardless of the porcelain type or the glazing method 
used to restore the surface. It is possible that there is a type of “break-in” period for the 
burs. During this “break-in” period, the burs are more aggressive in their interaction 
with the ceramic block surface, and subsequently induce more surface roughness. In 
general, the CAD/CAM diamond burs used in this study are commonly used to fabricate 
porcelain prosthesis and are known for their predictable result.18, 19 However, in this 
study there was a statistical difference found on surface roughness between specimens of 
the as-milled (Pre-glazing) groups. (Table 6)  
The results for the gloss measurement for this study indicate no difference 
between porcelain veneers milled at different milling times for all groups (Pre-glazing). 
(Table 7) Significant statistical differences were found for gloss values when comparing 
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the groups Pre and Post-Glazing. (Figure 39) The Post-Glazing groups had significant 
changes from the Pre-Glazing groups, after glassy glaze was applied to restore surfaces. 
(Table 11) Clinically, a rough surface can give the appearance of a lighter and less 
opaque porcelain surface, and this may change the cosmetic appearance of a ceramic 
restoration. It could be that the variation in porcelain grinding, and diamond bur overuse, 
induced variations in the porcelain surface. The extent of this variability is evidenced by 
the increased standard deviation, which precluded the extrapolation of significance for 
these values. However, further research into a more sophisticated CAD/CAM milling 
systems may indeed show a difference at different milling times. 
The color-change of porcelain veneers processed by CAD/CAM following 
repeated milling times does not clinically alter the color of the restoration.84  However, 
color values in this study were transformed by the glazing. The color for this study was a 
calculable measure, since color is intrinsic to the porcelain used, and can be manipulated 
by the texture of the porcelain surface. The optical factors; value, hue, and chroma will 
appear transformed depending on how smooth or rough the surface looks to an 
evaluator. Although a color measurement device may detect no statistically relevant 
change in color, human perception might note a difference in appearance. Further 
research evaluating the clinical significance of these changes should be performed. 
 There are devices commonly used to select the ideal color-shade in dental 
materials. A colorimeter uses three filters related to the peaks in the three color-
matching functions. It does not take full spectral data so the resultant data may not be 
accurately converted to show the outcomes on L*a*b* and L*c*h* of different 
illuminants. Due to the limited function of the colorimetric devices, and considering that 
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a spectrometer captures the full spectrum in the range of 400 nm to 700 nm,85 for this 
study a spectrophotometer (Gretag Macbeth Color-Eye® 7000A) was selected for its 
capabilities in optical color measuring. (Figure 28) 
In summary, to achieve long lasting aesthetic results using porcelain veneers 
processed by CAD/CAM following repeated milling time (1st, 5th, 10th, 15th, 18th, and 
20th), special attention should be paid to the milling tools (milling burs) to provide a 
highly smooth surface. Based on the result of this in vitro study, the optical 
characteristics (SR, Gloss, Color-change) were more related to the glazing method as a 
final surface treatment. Future research should be conducted to evaluate other 
CAD/CAM diamond burs with different grain sizes. 
 
4.2 Limitation of the Study:  
It is an in vitro study that does not replicate the oral cavity conditions, such as 
saliva, wear and occlusal forces. Also, the operator characteristics could potentially 
impact a study of this nature. 
 
4.3 Future Research:  
It would be suggested to perform an accurate veneer preparation on plastic tooth 
to mimic the clinical environment. 
Also, it would be recommended to do the SEM analysis between all the groups before 
and after the glazing process. 
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5 Chapter 5: CONCLUSIONS___________________________________________ 
  
 
• There was a statistically significant change in the surface roughness on porcelain 
veneers processed by CAD/CAM using the same set of burs prior to the glazing 
process. 
• There was no statistical difference in porcelain surface roughness between 
samples of the groups Pre-Glazing. 
• Porcelain gloss was altered significantly between groups Pre and Post-Glazing at 
all milling times. 
• Porcelain Color-shade, value, and hue were significantly altered after the glazing 
process.  
  In Summary, there was a considerable change in the optical characteristics 
(Surface Roughness, Gloss and Color-change) after the glazing process, and this likely 
has a meaningful impact on the clinical aesthetic qualities of the final restoration.  
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Table 1. List of CAD/CAM materials 
 
 
 
 
 
 
 
 
 
Sirona VITA Ivoclar Vivadent 3M ESPE 
Sirona CEREC 
Blocs 
VITA TriLuxe forte IPS e.max® CAD 3M Paradigm™ MZ100  
Sirona inCoris ZI VITA In-Ceram® IPS e.max® 
ZirCAD 
3M ESPE Paradigm™  
Sirona inCoris AL VITA In-
Ceram®YZ 
IPS Empress® CAD Lava Ultimate 
Sirona inCoris NP VITA TriLuxe Telio CAD  
Sirona inCoris WAX VITA Mark II   
inCoris TZI VITA CAD-Waxx 
™ 
  
inCoris ZI meso 
(Abutments) 
VITA CAD-Temp 
™ 
  
 VITA RealLife®    
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Table 2. IPS Empress CAD Chemical Composition 
 
 
 
 
 
 
 
 
 
 
                  Scientific Documentation IPS Empress CAD® 
 
 
 
 
 
 
 
 
 
 
 
Standard Composition (In weight %) 
SiO2 60.0 - 65.0 
Al2O3 16.0 - 20.0 
K2O 10.0 - 14.0 
Na2O 3.5 - 6.5 
Other oxides 0.5 - 7.0 
Pigments 0.2 - 1.0 
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Table 3. Physical Properties of the IPS Empress CAD 
 
 
 
Fracture toughness 1.3 MPa m1/2 
Hardness 6200 MPa 
Biaxial strength 160 MPa 
CTE (100-400 °C) 16.6 x 10-6 K-1 
CTE (100-500 °C) 17.5 x 10-6 K-1 
Chemical solubility 25µg/cm2 
Opacity (Contrast Ratio CR) 0.4 – 0.7 
Modulus of elasticity  62 GPa 
  Scientific Documentation IPS Empress CAD® 
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Table 4: Groups Distribution 
 
 
 
 
 
 
 
 
 
Sample	  Measurements	  
1st	  n=5	  
Pre-­‐Glazing	  
Glazing	  Process	  
Post-­‐Glazing	  
5th	  n=5	  
Pre-­‐Glazing	  
Glazing	  Process	  
Post-­‐Glazing	  
10th	  n=5	  
Pre-­‐Glazing	  
Glazing	  Process	  
Post-­‐Glazing	  
15th	  n=5	  
Pre-­‐Glazing	  
Glazing	  Process	  
Post-­‐Glazing	  
18th	  n=5	  
Pre-­‐Glazing	  
Glazing	  Process	  
Post-­‐Glazing	  
20th	  n=4	  
Pre-­‐Glazing	  
Glazing	  Process	  
Post-­‐Glazing	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Table 5: Descriptive Statistical Analysis for Surface Roughness 
(Ra)(Pre-Glazing) 
 
 
Measure N M SD Min Max 
M/t #1 25 2.47 0.90 1.17 3.75 
M/t #5 25 1.91 0.57 0.99 2.87 
M/t #10 25 1.99 0.54 1.20 3.30 
M/t #15 25 1.69 0.41 1.02 2.54 
M/t #18 25 1.87 0.48 1.04 2.54 
M/t #20 20 1.80 0.57 1.12 3.22 
A non-parametric Kruskal-Wallis test was calculated to determine if differences between 
groups. A significant difference was found (Χ2  = 12.56, df = 5, p = 0.027). 
 
 
 
 
 
 
 
 
 
 
  41 
Table 6. Roughness Comparison Between Groups (Pre-Glazing) 
 
 
Measure Contrast P>t Lower 
95% Cl 
Upper 
95% CI 
M/t # 5 vs. M/t #1 -0.56 0.02 -1.07 -0.05 
M/t #10 vs. M/t #1 -0.48 0.09 -0.09 -0.03 
M/t #15 vs. M/t #1 -0.78 0.00 -1.29 -0.27 
M/t #18 vs. M/t #1 -0.61 0.01 -1.16 -0.07 
M/t #20 vs. M/t #1 -0.67 0.01 -1.21 -0.13 
M/t #5 vs. M/t #10 -0.09 1.00 -0.60 0.42 
M/t #15 vs. M/t #10 -0.30 1.00 -0.81 0.21 
M/t #18 vs. M/t #10 -0.14 1.00 -0.68 0.40 
M/t #20 vs. M/t #10 -0.19 1.00 -0.73 0.35 
M/t #5 vs. M/t #15 0.21 1.00 -0.30 0.72 
M/t #18 vs. M/t #15 0.16 1.00 -0.38 0.70 
M/t #20 vs. M/t #15 0.11 1.00 -0.43 0.65 
M/t #5 vs. M/t #18 0.05 1.00 -0.49 0.59 
M/t #20 vs. M/t #18 -0.05 1.00 -0.62 0.52 
M/t #5 vs. M/t #20 0.10 1.00 -0.44 0.64 
Steel-Dwass post-hoc comparisons 
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Table 7.  Descriptive Statistical Analyses for Gloss (Pre-Glazing) 
 
 
Measure N M SD Min Max 
M/t #1 5 2.06 0.38 1.80 2.70 
M/t #5 5 1.94 0.13 1.80 2.10 
M/t #10 5 1.96 0.21 1.70 2.20 
M/t #15 5 2.12 0.15 1.90 2.30 
M/t #18 5 2.14 0.18 1.90 2.30 
M/t #20 4 2.05 0.17 1.80 2.20 
A non-parametric Kruskal-Wallis test was calculated to determine if differences 
between groups. No significant differences were found (Χ2  = 5.20, df = 5, p = 
0.391). 
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Table 8. Color Change (∆E) Comparison Between Groups (PreGlazing) 
 
Groups 
 
L* 
 
a* 
 
     b* 
 
 
ΔE 
 
Vs 
M/t #1 61.9480 -1.0260 0.1660  
0.1637 M/t #5 62.0880 -1.0040 0.0840 
 
Vs 
M/t #1 61.9480 -1.0260 0.1660  
0.6199 M/t 10 61.3300 -0.9880 0.1960 
 
Vs 
M/t #1 61.9480 -1.0260 0.1660  
0.1749 M/t #15 62.1180 -1.0100 0.2040 
 
Vs 
M/t #1 61.9480 -1.0260 0.1660  
0.2852 M/t #18 61.7240 -0.9960 0.3400 
 
Vs 
M/t #1 61.9480 -1.0260 0.1660  
0.0533 M/t #20 61.9275 -1.0100 0.2125 
 
Vs 
M/t #5 62.0880 -1.0040 0.0840  
0.7664 M/t 10 61.3300 -0.9880 0.1960 
 
Vs 
M/t #5 62.0880 -1.0040 0.0840  
0.1238 M/t #15 62.1180 -1.0100 0.2040 
 
Vs 
M/t #5 62.0880 -1.0040 0.0840  
0.4451 M/t #18 61.7240 -0.9960 0.3400 
 
Vs 
M/t #5 62.0880 -1.0040 0.0840  
0.2057 M/t #20 61.9275 -1.0100 0.2125 
 
Vs 
M/t 10 61.3300 -0.9880 0.1960  
0.7883 M/t #15 62.1180 -1.0100 0.2040 
 
Vs 
M/t 10 61.3300 -0.9880 0.1960  
0.4196 M/t #18 61.7240 -0.9960 0.3400 
 
Vs 
M/t 10 61.3300 -0.9880 0.1960  
0.5981 M/t #20 61.9275 -1.0100 0.2125 
 
Vs 
M/t #15 62.1180 -1.0100 0.2040  
0.4170 M/t #18 61.7240 -0.9960 0.3400 
 
Vs 
M/t #15 62.1180 -1.0100 0.2040  
0.1907 M/t #20 61.9275 -1.0100 0.2125 
 
Vs 
M/t #18 61.7240 -0.9960 0.3400  
0.2406 M/t #20 61.9275 -1.0100 0.2125 
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Table 9. Descriptive Statistical Analysis for the Surface Roughness (Ra) 
(Post-Glazing) 
 
 
Measure N M SD Min Max 
M/t #1 25 1.54 0.52 0.57 2.62 
M/t #5 25 1.69 0.54 0.89 2.82 
M/t #10 25 1.48 0.46 0.80 2.44 
M/t #15 25 1.42 0.41 0.75 2.34 
M/t #18 25 1.43 0.45 0.67 2.57 
M/t #20 20 1.78 0.68 0.88 3.69 
A non-parametric Kruskal-Wallis test was calculated to determine if differences between 
groups. No significant differences were found (Χ2  = 7.28 df = 5, p = 0.200). 
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Table 10. Roughness Comparison Between Groups  
(Pre and Post-Glazing) 
  
 
 
Groups	   Contrast P>t Lower 
95% Cl 
Upper 
95%CI	  
(M/t #1#Post) v
s 
(M/t #1#Pre) -­‐0.93	   0.00	   -­‐1.47	   -­‐0.40	  
(M/t #10#Pre) v
s 
(M/t #1#Pre) -­‐0.48	   0.18	   -­‐1.01	   0.06	  
(M/t #10#Post) v
s 
(M/t #1#Pre) -­‐0.99	   0.00	   -­‐1.53	   -­‐0.45	  
(M/t #15#Pre) v
s 
(M/t #1#Pre) -­‐0.78	   0.00	   -­‐1.31	   -­‐0.24	  
(M/t #15#Post) v
s 
(M/t #1#Pre) -­‐1.05	   0.00	   -­‐1.58	   -­‐0.51	  
(M/t #18#Pre) v
s 
(M/t #1#Pre) -­‐0.61	   0.02	   -­‐1.18	   -­‐0.04	  
(M/t #18#Post) v
s 
(M/t #1#Pre) -­‐1.04	   0.00	   -­‐1.57	   -­‐0.50	  
(M/t #20#Pre) v
s 
(M/t #1#Pre) -­‐0.67	   0.01	   -­‐1.24	   -­‐0.10	  
(M/t #20#Post) v
s 
(M/t #1#Pre) -­‐0.70	   0.00	   -­‐1.27	   -­‐0.13	  
(M/t #5#Pre) v
s 
(M/t #1#Pre) -­‐0.56	   0.03	   -­‐1.10	   -­‐0.03	  
(M/t #5#Post) v
s 
(M/t #1#Pre) -­‐0.79	   0.00	   -­‐1.32	   -­‐0.25	  
 
 
 
  46 
Table 11.  Descriptive Statistical Analyses for the Gloss (Post-Glazing) 
 
 
 
 
 A non-parametric Kruskal-Wallis test was calculated to determine if differences   
between groups. No significant differences were found (Χ2  = 2.39, df = 5, p = 0.791 
 
 
 
 
 
 
 
 
Measure Milling/t N M SD Min Max 
M/t #1 5 26.56 7.13 17.80 34.20 
M/t #5 5 24.66 4.81 20.10 32.00 
M/t #10 5 26.12 13.18 15.20 48.70 
M/t #15 5 27.84 10.32 20.30 44.90 
M/t #18 5 25.72 4.81 21.40 32.70 
M/t #20 4 21.95 8.52 14.60 34.20 
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Table 12.  Comparison of Color-Change Average  
(Pre and Post-Glazing) 
 
 
 
 
               B= Before-Glazing (Pre-Glazing), A= After-Glazing (Post-Glazing) 
 
 
 
 
 
 
 
 L* a* b* ΔE 
 
M/t #1 B 61.9480 -1.0260 0.1660 2.8720 
A 59.2460 -0.9060 1.1320 
M/t #5 B 62.0880 -1.0040 0.0840 3.0418 
A 59.2560 -0.5480 1.0960 
M/t #10 B 61.3300 -0.9880 0.1960 2.7067 
A 58.7840 -0.8780 1.1080 
M/t #15 B 62.1180 -1.0100 0.2040 2.8306 
A 59.4880 -0.5500 1.1440 
M/t #18 B 61.7240 -0.9960 0.3400 2.5021 
A 59.3520 -0.8960 1.1300 
M/t #20 B 61.9275 -1.0100 0.2125 2.7104 
A 59.3525 -0.9100 1.0525 
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Figure 1: IPS Empress CAD Block 
 
 
 
 
 
 IPS Empress CAD block for CEREC and inLab (Ivoclar Vivadent) 
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Figure 2: Diamond Bur 12s (Step) 
 
 
 
Figure 3: Diamond Bur 12s (Cylindrical) 
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Figure 4: Cast Model/ Teflon Disk-Shape 
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Figure 5: Computer Aided Design (CAD) 
 
 
CEREC AC (Sirona) 4th Generation 
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Figure 6: Computer Aided Manufacturing (CAM) 
 
 
 
 
 
 
CEREC MC XL (Sirona) 
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Figure 7: CAD/ Administration  
 
 
 
Figure 8: CAD/ Acquisition 
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Figure 9: CAD/ Model 
 
 
Figure 10: CAD/ Connection 
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Figure 11: Model (Prior scanning) 
 
 
 
 
 
 
 
  56 
Figure 12: BlueCam (90o) 
 
Figure 13: Sprue Position 
 
 
 
  57 
Figure 14: Cement Spacer/ Tool Parameters) 
 
 
Figure 15: Veneer Mode (CAD) 
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Figure 16: CAD/CAM Diamond Burs Shape 
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Figure 17: Replacement Affected Burs 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Left: Step bur 12 S, Right: Cylindrical pointer bur 12 S 
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Figure 18: Replacement CAD/CAM Burs 
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Figure 19: Replacement CAD/CAM Porcelain Blocks 
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Figure 20: Water-Filter (CAM) Replacement 
 
 
 
 
 
 
 
 
 
 
A) Filter 
MC XL Milling Unit 
CEREC 
 
B) Dentatec 
MC XL Milling Unit 
CEREC 
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Figure 21: Profilometer 
 
 
 Stylus surface profilometer (Veeco Dektak 150 profilometer, Plainview, NY 
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Figure 22: Profilometer- Tip in Position 
 
 
 
 
Two different view of the Stylus surface profilometer  
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Figure 23: Spectrophotometer 
 
 
Spectrophotometer (Color-Eye® 7000A, Gretag Macbeth LLC, New Windsor, NY 
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Figure 24: Spectrophotometer with Specimen
  
 
 
 
 
 
 
 
 
 
 
 
Spectrophotometer (Color-Eye® 7000A, Gretag Macbeth LLC, New Windsor, NY 
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Figure 25: Spectrophotometer/ Calibration 
 
A) Black Calibrator 
 
B) White Calibrator    
     Spectrophotometer (Color-Eye® 7000A, Gretag Macbeth LLC, New Windsor, NY 
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Figure 26: Glossmeter 
 
 
 
 
NOVO-CURVE Gloss meter (Rhopoint Instruments, East Sussex, UK) 
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Figure 27: Glaze Material  
 
IPS Empress® Universal Glaze and Stain Liquid - Ivoclar Vivadent. 
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Figure 28: Glaze Application 
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Figure 29: Furnace 
A) Programat CS (Ivoclar-Vivadent) 
 
 
B) P4 Shade/ Glaze Process 
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Figure 30: Specimens  
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Figure 31: Specimens Relocated 
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Figure 32: Comparison of the Average Surface Roughness (Pre-
Glazing) 
 
 
Post-Hoc Comparisons for Roughness Pre-Glazing 
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Figure 33: Comparison Surface Roughness (Pre and Post-Glazing) 
 
 
 
A mixed generalized linear model.  A significant difference was found for measure * 
time. 
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Figure 34: Comparison Gloss (Pre and Post-Glazing) 
 
A mixed generalized linear model where the variables were measure, time (Pre and 
Post), and measure * time.  A significant difference was found for time. A significantly 
high score after glossing. (Mean Difference = 24.5, 95% CI: 18.4 to 30.5, p = 0.791) 
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Figure 35: SEM: Brand New Step 12 S Diamond Bur 
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Figure 36: SEM: Used Step 12 S Diamond Bur 
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Figure 37: SEM: Closer View of Used Step 12 S Diamond Bur 
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Figure 38: SEM: Brand New Cylindrical 12 S Diamond Bur 
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Figure 39: SEM: Used Cylindrical 12 S Diamond Bur 
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Figure 40: SEM: Closer View of Used Cylindrical 12 S Diamond Bur 
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Appendix 
 
Appendix A: Raw Data for Surface Roughness Values (Pre-Glazing)
  
Roughness Surface: (Pre glazing process) Using a stylus surface Profilometer, 
 
 
 
 
 
 
 Ra/ um Group #1 Group #2 Group #3 Group #4 Group #5 
M/t #1 1) 
2) 
3) 
4) 
5) 
3.59480 
1.39889 
3.07821 
1.32641 
2.80218 
1.53046 
2.40478 
3.75289 
2.04145 
2.50394 
3.06088 
3.62903 
3.57183 
1.56421 
3.48650 
1.85853 
3.34177 
1.74875 
1.79593 
1.65300 
1.17181 
2.86265 
2.59829 
1.27139 
3.72019 
M/t #5 1) 
2) 
3) 
4) 
5) 
0.99480 
2.72391 
1.69820 
1.62272 
1.90056 
1.74992 
2.75121 
1.39734 
1.17263 
2.79867 
1.61629 
1.74162 
2.72889 
1.71615 
2.17277 
1.18135 
1.19002 
2.58951 
1.65414 
2.87224 
1.75221 
2.20402 
2.15519 
1.38618 
1.92202 
M/t #10 1) 
2) 
3) 
4) 
5) 
1.40341 
1.66342 
1.20112 
1.85653 
2.51195 
1.35207 
2.30956 
1.54410 
1.88714 
2.22640 
1.70581 
1.75801 
2.29639 
1.76297 
2.11288 
1.90866 
2.59852 
1.50732 
1.25520 
2.11976 
2.41145 
2.79580 
3.29730 
1.50838 
2.84359 
M/t #15 1) 
2) 
3) 
4) 
5) 
1.53866 
2.38011 
1.38340 
1.25663 
1.91404 
1.74831 
2.03884 
1.29181 
1.23754 
1.81729 
1.57096 
1.69642 
1.87121 
2.42934 
1.95186 
1.38701 
1.63381 
1.75807 
1.23786 
1.96517 
1.38222 
2.06765 
2.54355 
1.02044 
1.24967 
M/t #18 1) 
2) 
3) 
4) 
5) 
2.27345 
2.53770 
1.47814 
2.11199 
1.22518 
1.43732 
1.23359 
2.47657 
2.49791 
2.97792 
1.81519 
1.82256 
1.92695 
2.48039 
2.20752 
1.03900 
1.88066 
1.87058 
1.76024 
1.80714 
1.42435 
1.07956 
1.71952 
2.25581 
1.30226 
M/t #20 1) 
2) 
3) 
4) 
5) 
1.76296 
1.54051 
1.97008 
1.22301 
2.06264 
2.73281 
1.30192 
2.04029 
1.26189 
1.80662 
N/A 1.36362 
1.60892 
3.21845 
1.30284 
1.68310 
1.25033 
1.12232 
2.12792 
1.96430 
2.73190 
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Appendix B: Raw Data for Surface Roughness Values (Post-Glazing) 
 
 
 
 
     Roughness Surface: (Post-glazing process) using a stylus surface Profilometer. 
 
 
 
 
 
 Ra/ um Group #1 Group #2 Group #3 Group #4 Group #5 
M/t #1 1) 
2) 
3) 
4) 
5) 
2.55657 
1.42189 
1.71918 
0.80788 
1.18993 
1.87983 
1.41659 
1.97204 
2.15675 
1.40820 
0.92318 
1.04504 
1.36299 
1.63133 
2.37260 
1.10991 
1.56948 
1.70951 
1.18158 
1.18983 
1.65154 
1.74983 
1.23569 
2.61633 
0.56906 
M/t #5 1) 
2) 
3) 
4) 
5) 
1.11918 
2.23401 
1.19311 
0.89394 
1.35715 
1.71222 
1.44827 
1.51297 
1.18300 
0.89011 
1.36021 
1.71060 
2.24153 
1.47268 
1.74641 
1.10384 
2.78562 
1.89687 
2.13635 
2.81947 
1.54490 
2.55322 
1.67154 
1.73983 
1.81407 
M/t #10 1) 
2) 
3) 
4) 
5) 
1.05225 
1.77220 
1.03287 
1.11264 
1.25532 
1.51899 
1.28396 
1.41792 
1.08601 
1.49743 
1.31954 
1.98374 
0.79744 
1.30271 
0.89128 
1.55136 
1.83615 
1.37230 
2.14581 
1.33024 
2.35848 
2.28433 
1.41238 
1.02051 
2.43978 
M/t #15 1) 
2) 
3) 
4) 
5) 
0.74943 
1.55766 
1.45267 
0.87537 
1.54198 
1.76470 
2.17259 
1.55486 
0.96266 
1.47337 
1.40028 
1.59761 
1.84789 
1.50621 
1.39910 
0.92711 
1.65437 
1.04078 
1.11192 
1.70794 
1.02280 
1.61955 
1.56563 
0.77325 
2.34128 
M/t #18 1) 
2) 
3) 
4) 
5) 
1.24021 
2.10116 
1.65913 
1.19394 
1.17578 
2.01574 
1.18906 
0.66761 
1.14291 
1.54752 
1.67988 
1.05612 
1.28000 
0.90741 
1.27568 
1.64479 
2.12747 
1.18448 
2.57182 
1.94405 
1.62524 
1.28465 
1.14931 
1.08236 
1.09205 
M/t #20 1) 
2) 
3) 
4) 
5) 
0.87659 
2.16025 
0.96024 
1.76950 
1.20887 
2.03754 
3.23567 
2.10421 
1.27970 
1.59059 
N/A 1.66850 
3.69166 
1.46858 
1.14416 
1.86667 
1.92951 
1.62585 
1.75356 
1.45571 
1.68336 
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Appendix C: Raw Data for Gloss Values  (Pre-Glazing) 
 
 Group #1 Group #2 Group #3 Group #4 Group #5 
M/t #1 1.8 1.8 1.9 2.1 2.7 
M/t #5 1.8 2.0 1.8 2.1 2.0 
M/t #10 1.7 2.2 1.8 2.1 2.0 
M/t #15 1.9 2.1 2.1 2.2 2.3 
M/t #18 2.2 1.9 2.0 2.3 2.3 
M/t #20 1.8 2.1 N/A 2.1 2.2 
 
 
Appendix D: Raw Data for Gloss Values (Post-Glazing) 
 
 Group #1 Group #2 Group #3 Group #4 Group #5 
M/t #1 17.8 25.3 33.4 22.1 34.2 
M/t #5 32.0 26.3 20.8 24.1 20.1 
M/t #10 48.7 21.8 19.3 25.6 15.2 
M/t #15 44.9 30.2 21.0 20.3 22.8 
M/t #18 28.7 32.7 22.4 21.4 23.4 
M/t #20 34.2 20.4 N/A 18.6 14.6 
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Appendix E: Raw Data for Color:  (Pre-Glazing) 
 
 
 
 
 
 
 
 
 
 
 
 CIELAB 
values 
(L*a*b*) 
Group #1 Group #2 Group #3 Group #4 Group #5 
M/t #1 L* 
a* 
b* 
60.32 
-1.10 
0.01 
61.52 
-1.02 
0.25 
63.10 
-0.98 
-0.02 
62.32 
-1.02 
0.13 
62.48 
-1.01 
0.46 
M/t #5 L* 
a* 
b* 
60.52 
-1.05 
0.03 
62.60 
-1.01 
0.17 
62.27 
-1.00 
-0.07 
61.60 
-0.96 
-0.02 
63.45 
-1.00 
0.31 
M/t #10 L* 
a* 
b* 
58.28 
-0.97 
0.22 
62.21 
-1.02 
0.22 
62.22 
-1.00 
-0.05 
61.70 
-0.97 
-0.10 
62.24 
-0.98 
0.69 
M/t #15 L* 
a* 
b* 
60.47 
-1.00 
0.36 
62.51 
-1.02 
0.18 
63.44 
-1.01 
0.12 
61.88 
-1.01 
-0.15 
62.29 
-1.01 
0.51 
M/t #18 L* 
a* 
b* 
60.67 
-0.99 
0.69 
60.49 
-0.96 
0.67 
63.39 
-1.01 
0.03 
61.68 
-1.00 
-0.04 
62.39 
-1.02 
0.35 
M/t #20 L* 
a* 
b* 
61.81 
-1.02 
0.34 
62.66 
-1.01 
0.16 
N/A 61.05 
-1.00 
0.16 
62.19 
-1.01 
0.19 
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Appendix F: Raw Data for Color:  (Post-glazing process) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 CIELAB 
values 
(L*a*b*) 
Group #1 Group #2 Group #3 Group #4 Group #5 
M/t #1 L* 
a* 
b* 
58.55 
-0.94 
0.95 
58.91 
-0.90 
0.96 
59.61 
-0.90 
1.17 
59.29 
-0.90 
1.12 
59.87 
-0.89 
1.46 
M/t #5 L* 
a* 
b* 
58.61 
-0.91 
0.95 
59.86 
-0.91 
1.21 
58.65 
-0.91 
0.86 
58.90 
-0.93 
1.10 
60.26 
-0.90 
1.36 
M/t #10 L* 
a* 
b* 
57.38 
-0.87 
0.80 
59.35 
-0.88 
1.25 
58.60 
-0.90 
1.02 
58.29 
-0.86 
1.06 
60.30 
-0.88 
1.41 
M/t #15 L* 
a* 
b* 
59.04 
-0.91 
1.10 
59.56 
-0.91 
1.26 
60.07 
-0.92 
1.19 
59.02 
-0.92 
0.90 
59.75 
-0.91 
1.27 
M/t #18 L* 
a* 
b* 
59.18 
-0.91 
1.15 
58.94 
-0.89 
1.13 
59.87 
-0.91 
1.19 
58.84 
-0.89 
0.95 
59.93 
-0.88 
1.23 
M/t #20 L* 
a* 
b* 
59.19 
-0.93 
0.95 
59.74 
-0.90 
1.30 
N/A 58.54 
-0.93 
0.84 
59.94 
-0.88 
1.12 
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